Single-Frequency Imaging and Material Characterization using
  Reconfigurable Reflectarrays by Zhang, Weite et al.
1Single-Frequency Imaging and Material
Characterization using Reconfigurable Reflectarrays
Weite Zhang, Hipolito Gomez-Sousa, Juan Heredia-Juesas, and Jose A. Martinez-Lorenzo, IEEE Senior Member
Abstract—In this work, a physical and geometrical optics
based single-frequency imaging scheme is proposed for personal
screening systems using multiple reconfigurable reflectarrays.
This scheme is able to not only reconstruct profiles of po-
tential threat objects on human body, but also identify their
materials in terms of their complex relative permittivities. Both
simulation and experiment are carried out to detect dielectric
objects at a microwave frequency of 24.16 GHz. The object
profiles and complex relative permittivities are obtained with
both high accuracy and computational efficiency, which show
great potentials for security imaging where inspection of human
body for threat materials, such as narcotics, explosives, and other
types of contraband, is very common.
Index Terms—Physical and geometrical optics, single-
frequency imaging, personal screening, reconfigurable reflectar-
ray, profile reconstruction, complex relative permittivity.
I. INTRODUCTION
THE use of electromagnetic (EM) waves in the microwaveand millimeter-wave (mm-wave) bands has attracted in-
tensive research interests during the past few decades in a
variety of security [1]–[5], medical [6]–[8], industrial [9]–[11],
and other important societal [12]–[14] applications. This is
because its unique sensing and imaging capabilities. Specifi-
cally, at these frequency bands, EM waves are non-ionizing–
making them safe to be used in public spaces–and can be
used to penetrate optically opaque materials, to create three-
dimensional (3D) images, and to characterize and classify a
wide range of hazardous materials, such as explosives related
threats and other contraband or illicit substances and goods.
Conventional microwave and mm-wave radar imaging
systems–such as those working in monostatic, bistatic, and
multistatic configuraions [15]–[18]–often require the use of a
large bandwidth and stringent inter-antenna synchronization
to enable coherent imaging, threat detection, and target clas-
sification. These characteristics not only makes the imaging
of frequency-dispersive objects more challenging, but also
they substantially increase the complexity and cost of the
multiple transmitting and receiving modules of the system.
During the past decade, several imaging systems–based on
compressive sensing (CS) theory [5], [19], [20]–have been
proposed not only to reduce the hardware complexity but also
to achieve a better imaging resolution when compared to that
of traditional synthetic aperture radar (SAR) imaging systems
W. Zhang is with the Department of Electrical and Computer Engineering,
Northeastern University, Boston, MA, 02115 USA.
H. Gomez-Sousa, Juan Heredia-Juesas, and J. A. Martinez-Lorenzo are with
the Department of Electrical and Computer Engineering and Department of
Mechanical and Industrial Engineering, Northeastern University, Boston, MA,
02115 USA (e-mail: j.martinezlorenzo@neu.edu).
[21]. However, CS algorithms still need intensive digital signal
processing (DSP), setting a heavy computational cost at the
receiving end, which ultimately precludes from their use in
real-time imaging applications.
Recently, a reflectarray system has been able to perform
real-time imaging in people-screening applications [22]–[25].
The reflectarray is made of many 1-bit, phase-adaptable patch
reflecting antennas [26], [27], which enable multi-scale, beam
focusing and imaging of targets located within a region of
interest (RoI). Such a system annihilate the software-based
computational cost of DSP imaging algorithms by the replace-
ment with hardware-based focused imaging. Additionally, not
only it produces high-resolution images but also operates in
real-time; this is because the reflectarray is illuminated with
a few transceiver antennas excited with a single-frequency
continuous-wave (CW) signal. Notwithstanding, the single-
frequency scheme only permits its use in near-field regions;
which, in this case, has a maximum range of ≈ 2 m.
Designing such reflectaray-based systems is challenging.
This is due to the large electrical size of the reflectarray,
so that predicting its performance capabilities in each fo-
cusing point of the RoI is computationally unfeasible. In
[24], an optimized physical optics (PO) method was proposed
to simulate a single-reflectarray-based imaging system in a
reasonable amount of time. The PO-based simulation platform
was successfully used to reconstruct the profile of both di-
electric and metallic objects. However, the object permittivity
characterization and classification were not addressed in that
work. Moreover, new societally-important emerging scenarios
require to image even larger targets that, in some cases, may
be distributed over a wide region [28]–[30]; in these cases,
additional reflectarrays are required to cover the entire imaging
domain. Consequently, a more general PO-based method is
needed to simulate multi-reflectarray screening systems.
Conventional EM security screening systems often posses
high false alarm rates that ultimately result in uncomfortable
pat-downs and reduced systems’ throughput. One way to cut
down these rates is by using the complex permittivities of
objects to discriminate them between hazardous and innocuous
materials. The complex permittivity can be characterized from
the transmitted and received electromagnetic fields by different
methods [31]–[41]. However, several drawbacks remain to
be addressed before they can be efficiently used in realistic
security applications. These include but are not limited to the
following: (1) the need to use multiple transceivers or a large
frequency bandwidth [31]–[35], which may result in challeng-
ing detection and classification of frequency-dispersive objects
[36]–[38]; and (2) the need to incorporate the object thickness
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Fig. 1. System concept of microwave screening using multiple reflectarrays
at 24.16 GHz, where the p-th feeding antenna is active as a general analysis.
The reflectarrays are all confocally configured to focus/refocus the single-
frequency CW signal at a specific point, and let it scanned in the RoI. Each
reflectarray has a corresponding feeding antenna for transmitting/receiving
the radar signal. The concealed dielectric object under detection has an
undetermined profile and complex relative permittivity.
[42], [43] or its borders [40], [41] as prior information in the
estimation process.
In this paper, a single-frequency imaging and material
characterization method is proposed for multi-reflectarray sys-
tems, requiring no aforementioned object prior information.
This method is able to not only effectively and efficiently
reconstruct the object profile, but also characterize the complex
relative permittivity. During the permittivity estimation, which
makes use of the range-dependent radiation pattern of the
reflectarray in the near-field [44] and considers both the
magnitude and phase responses of the received fields, an
accurate object thickness can be predicted by solving the
phase-shift ambiguity [45]. Such an ambiguity is unavoidable
in conventional single-frequency characterization techniques
[44], [46], [47], and can lead to a failure in discriminating
any two Object-i, i ∈ {1, 2}, that satisfy T1
√
ε′1 = T2
√
ε′2,
Ti and ε′i being the thickness and the dielectric constant of
Object-i, respectively.
The rest of the paper is organized as follows: in Section
II, the concept of personal screening systems using multiple
active reflectarrays is briefly described. In Section III, a general
imaging theory for reconstructing object profiles (using PO)
and material characterization (using geometrical optics, GO) is
derived. In Section IV, two-reflectarray-based computational
simulations and experimental validations are carried out to
detect dielectric slabs placed on the surface of a metallic plate
at the a frequency of 24.16 GHz. The results show the efficacy
of the proposed method to image object profiles and estimate
their complex relative permittivities. Section V summarizes the
conclusions of this work.
II. SYSTEM CONCEPT
The original idea of using multiple active reflectarrays in
people-screening system was pioneered by Smiths Detection
[22]. As is described in Fig. 1, the system has two principal
components: (1) the feeding antennas that are used to transmit
and receive the single-frequency CW radar signal; and (2) the
reflectarrays that are used to focus the CW signal at a point in
the RoI, when used in transmission mode, and to refocus the
scattered field from that point into to the receiving antennas,
when used in receiving mode. In this setup, a potentially
concealed dielectric object in the RoI has an unknown profile
and a complex relative permittivity of εr = ε′r−jε′′r , where ε′r
and ε′′r are the dielectric constant and loss factor, respectively.
Note that each reflectarray is equipped with a single horn
antenna and transceiver module, and several reflectarrays can
be confocally configured to simultaneously focus at the same
point in space and to perform the imaging. In the general
configuration shown in Fig. 1, all P pairs of feeding-antenna
and reflectarrays (FARAs) are used as follows. First, the CW
signal from the p-th feeding antenna is used to illuminate its
corresponding reflectarray. Then, this incident field is reflected
from the reflectarray and focused at a point in the RoI;
this is done by applying a binary phase to each reflectarray
patch to make the free space propagation phase of each
horn/patch/focusing-point ray to be as close as possible to zero
[48]–[50]. Next, the focused incident field interacts with the
object, thus producing a new field that is scattered towards
the imaging system. Due to the confocal configuration, the
scattered field is refocused through the p′-th receiving reflec-
tarray towards its corresponding receiving antenna. Repeating
the above procedure for all pairs of transmitting and receiving
FARAs, an image of the target under test is finally created. It
is important to note that the use of multiple FARAs provide
a multiplexing gain that enhances the performance of the
imaging system, when compared to the single FARA system
described in Ref. [24].
In the following Sections, the microwave operation fre-
quency f0 is selected to be 24.16 GHz. Because, at that fre-
quency, clothing is essentially transparent, the human body is
highly reflective, and dielectric materials are easily identifiable
against the body [23]. The body is reasonably assumed to be
a perfect electric conductor (PEC) plate.
III. IMAGING THEORY
A. Profile Reconstruction
To get the simulated target profile, all surfaces of the feeding
horn apertures, patches on the reflectarrays, and target are
discretized into triangular facets. According to the exact free-
space near-field equation described in [51], the incident elec-
tric field Einc (r) and magnetic field Hinc (r) at an observation
point r can be computed using the electric J (r′) and magnetic
M (r′) current sources, namely,
Einc (r) =
∫
S
{−A1G1J (r′)−A1G2 [J (r′) ·R]R−
B1G3M (r
′)×R}e−jk0Rds
Hinc (r) =
∫
S
{−A2G1M (r′)−A2G2 [M (r′) ·R]R+
B2G3J (r
′)×R}e−jk0Rds,
(1)
3where A1 = jη04pik0 ; A2 =
j
4pik0η20
; B1 = B2 = 14pi ; G1 =
−1−jk0R+(k0R)2
R3 ; G2 =
3+j3k0R−(k0R)2
R5 ; G3 =
1+jk0R
R3 ; R =
r−r′, R = |R|; k0 and η0 are the wave number and impedance
in free-space, respectively; r is the observation point; r′ is the
source point; and S is surface of the feeding antenna aperture.
With the incident fields Einc and Hinc, the induced electric
J and magnetic M currents on any interface can be calculated
using the modified equivalent current approximation (MECA)
equations [52], [53], which represents a generalization of
the PO for both conducting and non-conducting dielectric
surfaces:
J (r) =
1
η1
[
ETEinc cos θinc (1−RTE) eˆTE +
ETMinc (1−RTM) (nˆ0 × eˆTM)
]∣∣
SB
M (r) =ETEinc (1 +RTE) (eˆTM × nˆ0) +
ETMinc cos θinc (1 +RTM) eˆTE
∣∣
SB
,
(2)
where the incident electric field is decomposed into its trans-
verse electric (TE) and transverse magnetic (TM) modes, and
analyzed individually; SB is the interface between the two
media; η1 is the wave impendence of the outwards medium; nˆ0
is the outward unit vector perpendicular to the interface; θinc is
the incident angle; ETE/TMinc and eˆTE/TM are the incident field
magnitude and the corresponding unit vector of the TE/TM
mode, respectively; and RTE/TM is the reflection coefficient
of the TE/TM mode on the interface, which is defined as
RTE|µ1=µ2 =
cos θinc −
√
ε2
ε1
√
1− ε1ε2 sin2θinc
cos θinc +
√
ε2
ε1
√
1− ε1ε2 sin2θinc
RTM|µ1=µ2 =
− cos θinc +
√
ε1
ε2
√
1− ε1ε2 sin2θinc
cos θinc +
√
ε1
ε2
√
1− ε1ε2 sin2θinc
,
(3)
where ε1 and ε2 are the complex permittivity of the outwards
and inner medium, respectively, and µ1 and µ2 are the
corresponding permeabilities assumed to be equal. Note that
on the surface of the PEC, magnetic current M = 0 due to the
fact that RTE = RTM = −1. Therefore, the magnetic currents
on the feeding antenna apertures, the patch elements on the
reflectarrays, and the human body are neglected.
As shown in Fig. 2, assuming the total number of the
patches on each reflectarray is M and the electric current dis-
tribution of p-th feeding antenna is Jincp (p ∈ {1, 2, . . . , P}),
the incident electric Epatchm,p and magnetic H
patch
m,p fields on the
m-th patch (m ∈ {1, 2, . . . ,M}) can be obtained using Eq.
(1). The corresponding induced electric current Jpatchm,p can be
calculated based on Eq. (2).
The reflectarrays are confocally set to focus the incident
wave front to a desired point by using the binary phase
approximation, namely, introducing a phase compensation
∆ψn,m,p to each patch element,
∆ψn,m,p =
{
pi, pi2 < mod(k0 · Ln,m,p, 2pi) < 3pi2
0, otherwise
, (4)
where mod(·) is the modulus operator, and Ln,m,p =(∣∣rfeedp − rpatchm,p ∣∣+ ∣∣rpatchm,p − rfocusn ∣∣). rfeedp , rpatchm,p , and rfocusn
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Fig. 2. Simulation model for the reconstruction of the threat profile. The body
is assumed to be a PEC plate, and the threat, attached on the body surface,
is a dielectric slab with undetermined profile and material in terms of the
complex relative permittivity εr . Sobj and Sbot represent the air-object and
object-body interface, respectively.
are the positions of the p-th feeding antenna, the m-th patch of
the p-th reflectarray, and the n-th focusing point, respectively.
Therefore, the electric current is modified as Jpatchm,p e
j∆ψn,m,p .
Using Eq. (1) again, we can calculate the incident electric
Etargetm,n,p and magnetic H
target
m,n,p fields on the target surface. Thus,
the total incident electric Etargetn,p and magnetic H
target
n,p fields
for the p-th feeding antenna and the n-th focusing point are
Etargetn,p =
M∑
m=1
Etargetm,n,p
Htargetn,p =
M∑
m=1
Htargetm,n,p.
(5)
According to Eq. (2), the corresponding induced electric
Jtargetn,p and magnetic M
target
n,p currents can be written as
Jtargetn,p = J
obj
n,p + J
body
n,p
Mtargetn,p = M
obj
n,p +M
body
n,p ,
(6)
where Jobjn,p and M
obj
n,p are the electric and magnetic currents,
respectively, on the surface of the dielectric object. Similarly,
Jbodyn,p and M
body
n,p are the currents on the surface of the human
body. Noticing that Mbodyn,p = 0 for the human body (approx-
imated to be PEC), one can calculate Jbodyn,p using 1
st-order
PO method. While J/Mobjn,p must be calculated considering
multiple reflections within the dielectric object using a Kth-
order PO method based on Eq. (1) and Eq. (2). The process
can be described as
J/Mobjn,p,0 → E/Hbotn,p,1 → J/Mbotn,p,1 → E/Hobjn,p,1
→J/Mobjn,p,1 → E/Hbotn,p,2 → J/Mbotn,p,2 → E/Hobjn,p,2
→J/Mobjn,p,2 → E/Hbotn,p,3 → J/Mbotn,p,3 → E/Hobjn,p,3
...
→J/Mobjn,p,K−1,
(7)
4where J/Mobjn,p,0 is denoted as the electric or magnetic currents
induced by the initial reflection on the air-object interface Sobj;
E/Hbotn,p,k and J/M
bot
n,p,k are the incident fields and the induced
currents, respectively, on the object-body interface Sbot after
k (k ∈ {1, 2, . . . ,K − 1}) reflections within the dielectric
object; Similarly, E/Hobjn,p,k and J/M
obj
n,p,k correspond to the
incident fields and the induced currents, respectively, on Sobj.
Consequently, the total electric Jobjn,p and magnetic M
obj
n,p
currents on Sobj are computed by
Jobjn,p = J
obj
n,p,0 −
K−1∑
k=1
Jobjn,p,k
Mobjn,p = M
obj
n,p,0 −
K−1∑
k=1
Mobjn,p,k.
(8)
As all the reflectarrays are confocally arranged, all the
receiving antennas are able to receive the scattered signal.
Define Erecn,p as the total received electric field from the p-
th receiving antenna with all P feeding antennas active and
the beam focused at the n-th point. Although, Erecn,p can be
calculated via an inverse computational procedure using the
PO method from the target to the receiving horns based on
Eq. (1) and Eq. (2), in order to improve the computational
efficiency, the general reciprocity theorem for multiple-in-
multiple-out (MIMO) systems is used as follows:
Erecn,p =
∫
S
Etargetn,p · Jtargetn −Htargetn,p ·Mtargetn ds∫
S
eˆrecn,p · Jincp ds
, (9)
where Erecn,p is the amplitude of the received field E
rec
n,p,
considered to be uniform on the receiving apertures; Jtargetn =
P∑
p=1
Jtargetn,p and M
target
n =
P∑
p=1
Mtargetn,p are the total induced
electric and magnetic currents on the target surface, respec-
tively; and eˆrecn,p represents the uniform complex polarization
vector of Erecn,p.
Finally, the target profile can be reconstructed by adding the
received electric field Erecn,p from all P receivers,
Erecn =
P∑
p=1
Erecn,p, (10)
and determining the location of the maximum total received
field along the z-axis, namely,
zimagingn (xn, yn) = max
zn
{|Erecn (xn, yn, zn)|} , (11)
where (xn, yn, zn) is the location of the n-th focusing point.
B. Material Identification
To ensure real-time prediction and classification of potential
threat objects in the reflectarray screening system, it is desired
to develop a fully analytical forward model for characterizing
the complex relative permittivity of the object under detection
[54], [55]. To achieve this, a ray tracing based GO method is
proposed to predict the received electric fields E˜recn [56]. By
sweeping the relative permittivity εr = ε′r−jε′′r and the object
thickness T , E˜recn (ε
′
r, ε
′′
r , T ) are calculated and compared to
the measured Erecn (or simulated with the full-wave method
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Fig. 3. GO model for the object material identification. All the rays,
originating from the transmitting horns and terminating at the receiving horns,
are considered for estimating the unknown complex relative permittivity εr
and the thickness T . Sobj and Sbot represent the air-object and object-body
interface, respectively. zbg is the range of Sbot.
of multilevel fast multipole algorithm, MLFMA) to find the
best matched magnitude and phase responses. Consequently,
the corresponding estimated object thickness T˜ and relative
permittivity ε˜r = ε˜′r − jε˜′′r are obtained.
Figure 3 shows the proposed forward model for a multi-
reflectarray-based system. For a general analysis, the p-th
feeding antenna at rfeedp is assumed to be active, and only
the ray that originates from rfeedp and terminates at the p
′-th
feeding antenna in the receiving mode at rfeedp′ is considered.
Letting the ray at rfeedp has an amplitude unity of E0, the
complex incident amplitude E˜patchm,p on the m-th patch of the p-
th reflectarray can be computed by considering both magnitude
loss and phase delay,
E˜patchm,p =
E0e
−jk0|rpatchm,p −rfeedp |∣∣∣rpatchm,p − rfeedp ∣∣∣ , (12)
where rpatchm,p is the position of the m-th patch of the p-th
reflectarray.
Reflected from the p-th reflectarray, which is assumed to
focus the CW wave at the n-th focusing point rfocusn , the ray
will reach the air-object interface Sobj at the point robj using
ray tracing,
robj =
zbg − T
cos θincn,m
rfocusn − rpatchm,p∣∣∣rfocusn − rpatchm,p ∣∣∣ + rpatchm,p (13)
where zbg is the range of the object-body interface Sbot; T is
the thickness of the dielectric object; and θincn,m is the incident
5Air Dielectric PEC
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Fig. 4. Transmission line model to characterize the total reflection coefficient
Γ
(
θincn,m
)
, where kzi, i ∈ {1, 2, 3}, is the wave number in the z direction for
the air, dielectric, and body (PEC) layers, respectively; Yi is the characteristic
admittance for each layer; Yin is the input admittance at the air-object
interface; T is the thickness of the dielectric object; and zbg is the range
of the object-body interface Sbot.
angle. Thus, the ray amplitude at robj can be expressed as
E˜objn,m,p = −
E˜patchm,p e
−j[k0(|robj−rpatchm,p |)−∆ψn,m,p]
1+
∣∣∣robj − rpatchm,p ∣∣∣ / ∣∣∣rpatchm,p − rfeedp ∣∣∣ , (14)
where ∆ψn,m,p is the binary phase shift added on the m-th
patch element of the p-th reflectarray when focusing at rfocusn ,
which is defined in Eq. (4).
Scattered by both the dielectric and body surfaces, con-
sidering multiple reflections within the dielectric object, the
backwards ray will illuminate upon the m′-th patch of the p′-
th reflectarray at rpatchm′,p′ . Note that the subindexes m
′ and p′
of rpatchm′,p′ can be determined using ray tracing again, which
are only dependent on rpatchm,p and robj. Thus, the ray at r
patch
m′,p′
will have an amplitude of E˜patchn,m,p,
E˜patchp′,m′,n,m,p =
E˜objn,m,pΓ
(
θincn,m
) · e−jk0(∣∣∣rpatchm′,p′−robj∣∣∣)
1+
∣∣∣rpatchm′,p′ − robj∣∣∣ / ∣∣∣robj − rpatchm′,p′ ∣∣∣ , (15)
where Γ
(
θincn,m
)
is the total reflection coefficient at the air-
object interface Sobj.
To characterize the total reflection coefficient Γ
(
θincn,m
)
, the
transmission line model is introduced in Fig. 4. It can be an
effective model because (1) the electrically large reflectarray
is capable of focusing the incident wave into a tiny spot in the
RoI, which is much smaller compared to the object dimensions
in the transverse (x-y) plane so that the edge diffraction effect
from the object can be circumvented; and (2) the dielectric
object is already in the far-field region of the patch elements
in the reflectarrays such that it is suitable to use the plane-wave
incidence approximation in the RoI.
Denoting kzi, i ∈ {1, 2, 3}, as the wave number in the
z-direction for the air, dielectric, and body (PEC) layer,
respectively, the corresponding characteristic admittance Yi for
TE and TM mode can be calculated as follows:
Yi =
{ ωεriε0
kzi
, for TM mode
kzi
ωµ0
, for TE mode
(16)
where kzi =
√
k20εri − k2x; k20 = ω2µε0; kx = k0 sin θincm,n;
ε0 and µ0 are the vacuum permittivity and permeability,
respectively; and εr1, εr2, and εr3 are the relative permittivities
of the air, dielectric object, and PEC, respectively. The input
admittance Yin at the air-dielectric interface can be wrote as
Yin = Y2
Y3 + jY2 tan kz2T
Y2 + jY3 tan kz2T
. (17)
Accordingly, the total reflection coefficient Γ
(
θincn,m
)
is ex-
pressed as
Γ
(
θincn,m
)
=
Y1 − Yin
Y1 + Yin
. (18)
With the confocal setup of the reflectarrays, the ray is
refocused by the p′-th reflectarray and directed towards the
corresponding p′-th feeding antenna located at rfeedp′ . The
received complex amplitude E˜recn,m,p at r
feed
p′ is
E˜recp′,m′,n,m,p =− E˜patchp′,m′,n,m,p×
e
−j
[
k0
(∣∣∣rfeedp′ −rpatchm′,p′ ∣∣∣)−∆ψn,m′,p′]
1 +
∣∣∣rfeedp′ − rpatchm′,p′ ∣∣∣ / ∣∣∣rpatchm′,p′ − rfocusn ∣∣∣ ,
(19)
where ∆ψn,m′,p′ is the binary phase shift added on the m′-th
patch element of the p′-th reflectarray when refocusing from
rfocusn .
Finally, the total received complex amplitude when focusing
at rfocusn can be calculated by a summation:
E˜recn =
P∑
p′=1
M∑
m′=1
M∑
m=1
P∑
p=1
E˜recp′,m′,n,m,p, (20)
where P is the total number of FARAs; and M is the total
number of patch elements at each reflectarray.
By sweeping ε′r and ε
′′
r of the relative permittivity εr = ε
′
r−
jε′′r , and the thickness T , the GO predicted received amplitude
E˜recn (ε
′
r, ε
′′
r , T ), n ∈ [1, N ], N being the total number of
focusing points used in the estimation, are calculated, and
compared to the measured Erecn to find the best match by
means of minimizing the error function f (ε′r, ε
′′
r , T ), namely{
ε˜′r, ε˜
′′
r , T˜
}
= arg min
ε′r,ε′′r ,T
{f (ε′r, ε′′r , T )}
s.t. f (ε′r, ε
′′
r , T ) =
N∑
n=1
∣∣∣ E˜recn
E˜rec0
− ErecnErec0
∣∣∣, (21)
where ε˜′r, ε˜
′′
r , and T˜ are the estimated object dielectric
constant, loss factor, and thickness, respectively; and E˜rec0
and Erec0 are the calibration amplitudes to normalize the
predicted and measured received fields, respectively, which
are independent on the dielectric object under detection, and
can be measured by focusing the incident wave at a reference
plane, located at a range different from or the same as zbg.
IV. PRIMARY RESULTS
To validate the proposed method for object profiles re-
construction and materials identification, both simulated and
experimental examples are examined. The simulation setup
is the same as that in the experiment, which is shown in
Fig. 5. Each reflectarray has a side length of 1000 mm. The
centers of the top and the bottom reflectarray are located at
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Fig. 5. 3D setup for simulation and experiment: (a) two reflectarrays are
vertically stacked and fed by two 10 dB standard gain pyramidal horn
antennas, operated at 24.16 GHz; and (b) the dielectric object is attached
to the center of the PEC plate.
[500, 1413, 0] mm and [500, 461, 0] mm, respectively. Two
identical 10 dB standard gain pyramidal horn antennas are
placed at [1313, 1413, 830] mm and [1313, 461, 830] mm,
respectively, facing the corresponding centers of the reflectar-
rays. The horn antennas are operated at the single frequency
24.16 GHz, corresponding to a wavelength of λ0 ≈ 12.4 mm.
The dielectric object is a slab that is attached to the center
[500, 920, 800] mm of a steel plate (zbg = 800 mm). The slab
has the dimensions of 200 mm, 150 mm, and 37 mm in the
x-, y-, and z-axis, respectively. Note that the object thickness
can be varied in different simulated and experimental cases.
A. Simulation Results
First of all, it is important to examine the focusing quality of
the reflectarrays based on the point spread function (PSF) [57].
By setting the focusing point at [500, 920, 800] mm in free-
space, the PSF is calculated. Figure 6(a) and 6(b) show the 3D
and 2D radiation patterns, respectively. As anticipated, a sharp
focusing spot, namely high imaging resolution, is achieved.
The 3-dB width of the focusing spot is near λ0/2 along the
x− and y−axis, and λ0 along the z−axis.
In order to obtain a high calculation efficiency while retain-
ing an acceptable imaging accuracy, the 3rd-order PO is used
to calculate the electric and magnetic currents on the dielectric
object surface, namely applying Eq. (7) with K = 3.
First, two pure dielectric (lossless) objects are considered in
the simulation. Object−1 has a thickness of T1 = 20 mm and
relative permittivity of εr1 = 8.0− j0.0; while Object−2 has
a thickness of T2 = 40 mm and relative permittivity of εr2 =
2.0− j0.0. These two objects, satisfying T1
√
ε′r1 = T2
√
ε′r2,
are selected to verify that the proposed method is able to solve
the phase-shift ambiguity [45] without loss of generality.
In addition, the general reciprocity theorem described in
Eq. (9) are applied throughout the simulations to improve the
computation efficiency. Its effectiveness is validated in Fig. 7,
where the received fields, with and without the reciprocity
theorem, are in a good agreement for both Object−1 and
Object−2. Figure 7 also verifies that the radiation pattern of
the reflectarray in the near-field is range-dependent so that
the magnitude and phase responses of the received fields for
the two ambiguous objects are distinguished, which shows
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Fig. 6. PSF of the reflectarray imaging system when the focusing is at
[500, 920, 800] mm in free-space. (a) and (b) show the 3D and 2D radiation
patterns, respectively. ∆d is the distance between the focusing point and the
observation point.
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Fig. 7. Received field, with and without applying the reciprocity theorem,
for the simulation setup described in Fig. 5. The focusing point is uniformly
swept from [500, 920, 600] mm to [500, 920, 1000] mm along the z-axis. (a)
and (b) are the calculated magnitude and phase distribution, respectively, for
Object−1; and, similarly, (c) and (d) are the calculated magnitude and phase
distribution, respectively, for Object−2.
the effectiveness to discriminate these two objects using the
algorithm derived in Eq. (21).
Figure 8(a) and 8(b) show the PO simulated target profiles
for Object−1 and Object−2, respectively, which give the
accurate widths, in the x-axis, and heights, in the y-axis, for
both Object−1 and Object−2. As it is also seen, for Object−1
7800 mm780 mm 800 mm
780 mm
760 mm
(a) (b)
Center Center
Fig. 8. (a) PO simulated target profile for Object−1 (εr1 = 8.0− j0.0 and
T1 = 20 mm), where the imaged thickness and profile center are 20 mm and
[xc1, yc1, zc1] = [500, 920, 780] mm, respectively; and (b) PO simulated
target profile for Object−2 (εr2 = 2.0 − j0.0 and T2 = 40 mm), where
the imaged thickness and profile center are 20 mm and [xc2, yc2, zc2] =
[500, 920, 780] mm, respectively.
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Fig. 9. PO simulated target profile for Object−3 (εr3 = 4.0 − j0.2 and
T3 = 40 mm), where the imaged thickness and profile center are 40 mm and
[xc3, yc3, zc3] = [500, 920, 760] mm, respectively.
with an actual thickness of 20 mm, the imaged profile center
and thickness are [xc1, yc1, zc1] = [500, 920, 780] mm and
800−780 = 20 mm, respectively; however, for Object−2 that
has an actual thickness of 40 mm, the imaged profile center
and thickness are also [xc2, yc2, zc2] = [500, 920, 780] mm
and 800 − 780 = 20 mm, respectively. This phenomenon is
attributed to the multiple reflections inside the dielectric object
so that the focusing position, corresponding to the maximum
magnitude of the received field along the z-axis, is achieved
under the front surface of the dielectric object.
When it occurs to a lossy Object−3, assuming it has a
thickness of T3 = 40 mm and complex relative permittivity of
εr3 = 4.0−j0.2, the magnitude of the multiple reflected waves
inside the lossy dielectric slab are considerably degenerated
due to the large propagation loss, ′′r = 0.2. The imaging
processing of Object−3 can be similar to that of a metallic
object, where the 1st-order PO method can be sufficient
to obtain a quite accurate target profile, and the maximum
received field along z-axis can be achieved when the focusing
position is near the front surface of the dielectric object.
Figure 9 shows the PO simulated profile of Object−3, where
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Fig. 10. Best matched magnitude (a) and phase (b) response for Object-
1, when the minimum error min {f(ε′r, ε′′r , T )} is achieved at ε˜′r = 8.0,
ε˜′′r = 0.0, and T˜ = 20 mm.
the imaged profile center and thickness are [xc3, yc3, zc3] =
[500, 920, 760] mm and 800 mm − 760 mm = 40 mm,
respectively.
Considering all aforementioned simulation cases, for an ob-
ject made of unknown material, a further estimation algorithm,
in addition to the profile reconstruction, is required to estimate
not only the object permittivity but also a more precise object
thickness.
Applying the material identification method derived in Sec-
tion III-B, ε′r and ε
′′
r are swept from 2.0 to 10.0, and from 0
to 0.5, respectively. This sweep range covers most common
threat materials, such as narcotics, explosives, and other types
of contrabands [58], [59]. The dielectric slab thickness T is
swept from 0 mm to 60 mm. By determining the imaged
profile center [xc, yc, zc] for each object, the equally spaced
focusing points can be selected along the range (z-axis),
rfocusn =
[
xc, yc, zc + ∆z
(
n− N + 1
2
)]
, n ∈ [1, N ] , (22)
where ∆z = 10 mm is the range resolution of the RoI, and to-
tal N = 3 focusing points are considered for estimating object
thickness T˜ and complex relative permittivity ε˜r = ε˜′r − jε˜′′r .
The importance for selecting those focusing points is that they
always correspond to higher receiving magnitudes compared
to the other focusing points along the z−axis; therefore, a
higher receiving signal-to-noise ratio (SNR) can be achieved
for a better estimation accuracy.
As it is shown in Fig. 10, the best matched magnitude
(a) and phase (b) responses, corresponding to the minimum
error min {f(ε′r, ε′′r , T )}, for Object-1 are found at ε˜′r = 8.0,
ε˜′′r = 0.0, and T˜ = 20 mm. These estimated parameters
are the same as the actual object thickness and relative
permittivity. Note that, although more than three focusing
points are presented in this figure for the purpose of verifying
the accuracy of the GO predicted field, only the highlighted
middle three points are utilized for the estimation. The error
distribution f(ε′r, ε
′′
r , T ), obtained when sweeping ε
′
r, ε
′′
r , and
8dB
Fig. 11. Error distribution f(ε′r, ε′′r , T ) for Object-1, obtained by sweeping
ε′r , ε′′r , and T , where the achieved minimum error is denoted by a circle.
dB
Fig. 12. Error distribution f(ε′r, ε′′r , T ) for Object-2, obtained by sweeping
ε′r , ε′′r , and T , where the achieved minimum error is denoted by a circle.
T , are shown in Fig. 11, where the achieved minimum error is
denoted by a circle. The same estimation process is performed
for Object-2, and the obtained error distribution is shown in
Fig. 12. As it is seen, the minimum error min {f(ε′r, ε′′r , T )}
also converges to the actual object parameters ε˜′r = 2.0,
ε˜′′r = 0.0, and T˜ = 40 mm. Therefore, these two ambiguous
objects are distinguishable from each other using the proposed
estimation method. The error distribution f(ε′r, ε
′′
r , T ) for the
lossy Object-3 are shown in Fig. 13, where the minimum
error is achieved at ε˜′r = 4.0, ε˜
′′
r = 0.2, and T˜ = 40 mm,
dB
Fig. 13. Error distribution f(ε′r, ε′′r , T ) for Object-3, obtained by sweeping
ε′r , ε′′r , and T , where the achieved minimum error is denoted by a circle.
converging to the actual object parameters again. Accordingly,
aforementioned simulation examples and results verify the
proposed imaging scheme that is able to not only image
the profiles but also effectively retrieve the complex relative
permittivities of the dielectric objects, where a precise object
thicknesses can be estimated.
B. Experimental Results
The actual experiment setup to detect a threat object is given
in Fig. 14. Denote the dielectric object as Object-4. It is a
dielectric slab made of polyamide-6, 6 (PA66), which has a
relative dielectric constant of 2.8 ∼ 3.1 and a low loss tangent
of tanσ < 0.01 at K-band [60]. The size of the dielectric is
200 mm × 150 mm × 37 mm. The dielectric slab is attached
to the center of a steel plate by a 1.0 mm (< λ0/10) Velcro
layer. To predict the received amplitude E˜recn (ε
′
r, ε
′′
r , T ) using
GO forward model described in Fig. 3, the Velcro layer is
approximated to be an layer of air with the same thickness
1.0 mm. Therefore, the transmission line model in Fig. 4 for
calculating the total reflection coefficient Γ
(
θincn,m
)
is modified,
which includes four cascaded layers, namely air-dielectric-air-
PEC.
Figure 15 shows the experimentally reconstructed target
profile, which has an imaged thickness of 20 mm that is much
smaller than the actual thickness of 37 mm. The imaged profile
center is at [500, 920, 780] mm. The reason for this is that the
strong multiple reflections within the dielectric slab make the
focusing position, corresponding to the maximum magnitude
of the received field along the z-axis, achieved under the front
surface of the dielectric object. This explanation is the same
as that for the simulation results in Fig. 8(b).
To estimate the complex relative permittivity ε˜r = ε˜′r− jε˜′′r
and a more precise thickness T˜ of the PA66 slab, ε′r, ε
′′
r , and
9Reflectarrays
Fig. 14. Experimental setup to detect a dielectric object. The material of the
dielectric is made of polyamide-6, 6 (PA66). The size of the dielectric is 200
mm × 150 mm × 37 mm, which is attached to the center of the steel plate.
z (mm)800 mm
780 mm
760 mm
Center
Fig. 15. Experimentally reconstructed target profile, where the imaged
thickness and profile center are 20 mm and [xc4, yc4, zc4] = [500, 920, 780]
mm, respectively.
T are swept to compute the GO predicted received amplitude
E˜recn (ε
′
r, ε
′′
r , T ), which are then compared to the experimental
measurements Erecn to find the best matched magnitude and
phase responses using Eq.(21). The measurement is performed
38 times and 3 focusing points are considered. Figure 16
shows the best matched magnitude (a) and phase (b) re-
sponses between the measured electric fields Erecn and GO
predicted E˜recn (ε˜
′
r, ε˜
′′
r , T˜ ), corresponding to the minimum error
min {f(ε′r, ε′′r , T )}. As we can see, the received field magni-
tude Erec2 , corresponding to the focusing point at the range
z = 780 mm, has the maximum magnitude compared to the
measured magnitudes of the other focusing points along the z-
axis. This is accordance with the experimentally reconstructed
target profile, shown in Fig. 15, where the imaged object front
surface is located at the range z = 780 mm.
The estimated results on ε˜′r, ε˜
′′
r , and T˜ of the PA66 slab are
given in Fig. 17. As shown in Table I, the mean values for
ε˜′r, ε˜
′′
r , and T˜ are 3.012, 0.014, and 37.6 mm, respectively;
and the standard deviations for ε˜′r, ε˜
′′
r , and T˜ are 0.425,
0.009, and 0.593 mm, respectively. The estimation error can
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Fig. 16. The best matched magnitude (a) and phase (b) responses between
the measured electric fields Erecn and GO predicted E˜
rec
n , where the three
considered focusing points are defined in Eq. (22) with N = 3.
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Fig. 17. Experimentally estimated dielectric constant ε˜′r , loss factor ε˜′′r , and
thickness T˜ of the PA66 dielectric slab.
TABLE I
ESTIMATED RESULTS ON THE THICKNESS T˜ AND COMPLEX RELATIVE
PERMITTIVITY ε˜r = ε˜′r − jε˜′′r FOR THE PA66 SLAB
.
Values T˜ ε˜′r ε˜′′r
Mean 37.6 mm 3.012 0.014
Standard deviation 0.593 mm 0.425 0.009
be attributed to the noisy experimental measurement as well
as the approximated model of the four-layer transmission line.
V. CONCLUSION
A physical and geometrical optics imaging algorithm is
derived for profile reconstruction and material identification
in multiple reconfigurable reflectarrays based people-screening
systems. Both simulations and experimental validations are
carried out to examine the feasibility. Preliminary results
show that the imaging system is able to not only reconstruct
the target profile, but also characterize the complex relative
permittivity of the dielectric object.
When accessible to a well defined database including the
knowledge of the permittivities of typical threat materials,
the proposed imaging scheme is capable of suggesting threat
10
identities based on the estimated permittivities. This imaging
scheme can have a variety of applications in security screening
checkpoints at train stations, airports, concerts, sporting events,
government buildings, and many other public and private
facilities to predict potential threats.
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